The electric dipole moment (EDM) of an atom could arise also from P -odd and T -odd electronnucleon couplings. In this work we investigate a general class of dimension-6 electron-nucleon (e-N ) nonminimal interactions mediated by Lorentz-violating (LV) tensors of rank-1 and rank-2. The possible couplings are listed as well as their behavior under C, P and T , allowing us to select the couplings compatible with EDM. The unsuppressed contributions of these couplings to the atom's Hamiltonian can be read as EDM-equivalent and the coefficients' magnitudes can be limited using EDM experimental data to the level of 3.2 × 10 −31 (eV) −2 or 1.6 × 10 −33 (eV) −2 .
Among these, the dominant contribution arises from the scalar-pseudoscalar coupling, C SNj N jψ γ 5 ψ, where G F denotes Fermi's constant [4, 14, 23, 24] . By supposing that the e-N couplings are the sole source of EDM for the atom, the dimensionless coefficient C S can be constrained to the level C S < 7.3 × 10 −10 , according to the most precise experiment up to date on the electron's EDM [9] . Moreover, the scalar-pseudoscalar coupling is similar to the dominant term in ordinary atomic parity nonconservation (PNC), originated from the coupling of the axial electronic neutral weak current to the vector nucleonic neutral weak current via a Z 0 exchange [4, 24, 25] . The effects on atomic polarization in heavy atoms have also been studied [2, 26, 27] . P -odd and T -odd interactions in atomic systems may yield non null matrix elements in heavy atoms with one valence electron [28] . Other e-N couplings, including the tensor-pseudotensor and pseudoscalar-scalar, are investigated via atomic calculations for the 199 Hg nucleus [29] .
EDM phenomenology can also arise in a Lorentz-violating scenario, addressed within the framework of the Standard Model extension (SME), developed by Colladay and Kostelecky [30] . The SME includes dimension-4 and dimension-3 LV terms in all sectors of the SM, comprising fermions [31] [32] [33] , photons [34] [35] [36] , Yang-Mills developments [37] , Casimir effect [38] , photon-fermion interactions [39, 40] and electroweak (EW) processes [41] [42] [43] . The minimal SME can be further extended so as to contain nonminimal couplings composed of higher-order derivatives in the photon [44] and in the fermion sector [45] , as well as higher-dimension operators [46] [47] [48] . Nonminimal couplings deprived of higher-order derivatives have been proposed for describing LV interactions between fermions and photons [49, 50] and LV interactions in the electroweak sector [51] .
Lorentz violation can also work as a source of CP violation and EDM via radiative corrections [52] or even at tree level via dimension-5 nonminimal couplings [53] [54] [55] [56] . Lorentz-violating (LV) dimension-5 nonminimal couplings have been proposed as non usual QED interactions between fermions and photons, yielding EDM Lagrangians pieces as λψ(K F ) µναβ Γ µν F αβ ψ, λ 1ψ T µα F α ν Γ µν ψ, where (K F ) µναβ and T µα are CP T -even LV tensors and Γ µν = σ µν , σ µν γ 5 [54] [55] [56] . Electron EDM experimental data has yielded upper bounds as tight as 10 −25 (eV) −1 on the magnitude of these couplings. Looking at another route, nuclear EDMs may also be connected with LV physics. Lorentz-violating contributions to the nuclear Schiff moment have been investigated as well [57] . It is worth mentioning that LV theories were also analyzed in connection with the MDM physics [58] [59] [60] , notwithstanding providing less severe upper bounds.
In this work, we investigate a class of dimension-6 and Lorentz-violating e-N couplings, composed by rank-1, rank-2, rank-3 and rank-4 background tensors, and the possible generation of atomic EDM. Some of these couplings were proposed in a recent generalization of gauge theories with LV operators of arbitrary dimension [61] , which contains nonminimal couplings of dimensions ranging from 5 to 8. Specifically, we are interested in some dimension-6 fermionfermion interactions displayed in Tables I and III of this reference -which does not contain all the possibilities that we list below, however. This work is organized as follows. In Section II, several possibilities of dimension-6 couplings are presented and analyzed concerning their behavior under C, P and T operations and suppression criteria for yielding EDM. In Section III, we examine the Hamiltonians corresponding to unsuppressed EDM couplings, their respective energy shifts are estimated and limited using the current experimental data. The sidereal analysis on the LV terms is also performed. In Section IV, the conclusions are drawn.
II. NONMINIMAL ELECTRON-NUCLEON LORENTZ-VIOLATING COUPLINGS
An atomic EDM could be the result of the EDM contained in the electrons or nucleons, or it could be due to P -odd and T -odd electron-nucleon interactions only. Lorentz violation is a natural source of CP -breaking and can work as an environment to generate P -odd and T -odd e-N interactions. In this sense, we propose a class of Lorentz-violating (LV) electron-nucleon couplings. The simplest derivative-free case involves a rank-1 LV tensor (k XX ) µ , so that the effective dimension-6 Lagrangian piece should have the form
indicating that the upper index µ belongs to either Γ 1 or Γ 2 . In addition, the subscript XX in (k XX ) µ refers to the nature of the two fermion bilinears as follows: scalar (S), pseudoscalar (P ), vector (V ), axial vector (A), tensor (T ) and pseudotensor (P T ). Due to the limitation on dimension-6 couplings, the operators Γ 1,2 must be combinations of Dirac matrices, here given as
and σ µν = i [γ µ , γ ν ] /2, with σ 0j = iα j , σ ij = ǫ ijk Σ k . As we are interested in the generation of EDM, we should focus on the P -odd and T -odd couplings. In principle, one can have Γ 1 , Γ 2 = γ µ , γ µ γ 5 , γ 5 , 1, which provide several possibilities,
and the corresponding combinations interchanging Γ 1 and Γ 2 , yielding eight couplings that are listed in Table I .
CP T -odd dimension-6 couplings, containing the tensor operator σ µν , can also be proposed. Four initial options are 
to which one adds the corresponding combinations letting Γ 1 ↔ Γ 2 , engendering eight possibilities, displayed in Table  II . Additional combinations involving, σ µν , such as
could also be proposed, but dot not bring novelty, due to the redundancy of the product γ ν σ µν = 3iγ µ . In Tables I and II,"S" and "NS" represent "suppressed" and "not suppressed", respectively. The coupling is considered suppressed when the nucleon's bilinear mixes large and small spinor components, becoming negligible in the nonrelativistic limit. We obviously are interested only on the not suppressed terms, i.e. the bilinears composed of only large components. The behavior of the couplings under discrete symmetries depends on the way the Dirac bilinears transform under these symmetry operations, as shown in Table III . It is important to stress that only the pieces that are simultaneously P -odd and T -odd can generate EDM. As the Lorentz-violating couplings presented in Tables I and II are CP T -odd, the simultaneously P -odd and T -odd pieces turn out to be CP -even, but able to generate EDM. Effectively, we are interested only on the unsuppressed P -odd and T -odd couplings, that is
where the factors of i were inserted in order to guarantee their hermicity. The effective Lagrangian, for the possible couplings involving a rank-1 LV tensor, is then
Following the rank-1 case, it is interesting to analyze now the e-N couplings composed by a rank-2 LV tensor, (k XX ) µν , which are, obviously, CP T -even. All possibilities are listed in Table IV , which contains seven P -odd and Todd e-N couplings that are not suppressed in the nonrelativistic limit for the nucleons. These couplings are CP -odd, as the usual Lorentz-preserving EDM terms. The CP T -even Lagrangian then is
After applying the nonrelativistic limit for the nucleons, with the definitions (3), the nucleon bilinears yield
where n(r) is the nucleon density, being the same for protons and neutrons, while σ k N is the effective average spin state of the nucleon. Notice that, while the densities add coherently to A · n(r), with A being the atomic mass, the spins do not, so that only the (unpaired) valence nucleon will count. Using (10) and (11), we can read the possible EDM contributions via atomic parity nonconservation methods, which will be illustrated in Section III. For now, we can rewrite the effective Lagrangians (10) and (11) for the valence electron as follows:
Beyond the couplings with rank-1 and rank-2 LV tensors, we can explore possible interactions involving rank-3 and rank-4 tensors, which are displayed in Tables V and VI. The P -and T -odd pieces are shown, with their suppressed or unsuppressed parts. The couplings of Table V are CP T -odd, so that the highlighted P -odd and T -odd pieces are CP -even. In Table VI we made k XX → K XX , in order to specify these couplings are different from their counterparts in Table IV . Besides the structures presented in Table V , we could also propose couplings of the form:
Nevertheless, when we use the identity,
the coupling (14) is reduced to structures as
which are equivalent to rank-1 couplings contained in Table I . Hence, the coupling (14) and its variations,
will not be considered. Moreover, in order to avoid further redundancies, the couplings of Tables V and VI must not have index contractions between the bilinears, as
which turns out to be equivalent to other couplings of Table V, as (K T A ) αµν , (K T V ) αµν . The couplings of Tables V and VI are presented here only for completeness, and will not be examined concerning the associated Hamiltonian and spectrum in the next Section.
Coupling Rank-4 P -odd, T -odd piece NRL EDM 
III. SPECTRUM SHIFTS AND EDMS
In order to illustrate how P -odd and T -odd e-N couplings generate EDM, we follow Refs. [4, 18, 24] . Consider the relativistic Hamiltonian of the valence electron under a radial potential, Φ int (r),
whose eigenstates are |ψ 0 . If an external electric field, E = E zẑ , is applied, the solutions, to first order in E, become
where
We will use the data available in Ref. [24] for the thallium (A = 205 and Z = 81) valence electron under a modified Tiez potential, Φ int (r). The states |ψ 0 and |η have opposite parity (the ground state |ψ 0 has l = 1 and |η has L = 0). The expression for the unperturbed wavefunction (with l = 1) and for the state η (with L = 0) are, respectively,
where,
where Y m l corresponds to the normalized spherical harmonics. The superscript S stands for Sternheimer solutions, which hold for the Sternheimer equation, (H 0 − E 0 ) |η = z|ψ 0 -see Refs. [20, 62] . While the unperturbed spinor is normalized to unity, η L
(r) → 0 far from the origin. These solutions have been used, for instance, in evaluating enhancement factors of atomic EDMs and atomic polarizations -see [4, 24, 27] .
In order to calculate the EDMs arising from the e-N couplings, we extract, from the Lagrangian (12), the following Hamiltonian contributions
The corresponding energy shift for a given P -odd and T -odd Hamiltonian piece H P,T is
where we used that |Ψ = |ψ 0 + eE z |η , remembering that H P,T is P -odd. From Eq. (27), the EDM magnitude is read as the term that appears aside the electric field on right hand side, |d equiv | = 2eℜ [ ψ 0 |H P,T |η ], that is,
In this case, d equiv is an EDM-equivalent due to the P -odd and T -odd LV interactions. Applying this prescription to the Hamiltonian (26) and using the spinors (23) and (24), we notice that the contributions from (k SV ) i and (k P T −A ) i have no real part, so that they do not yield d equiv , according to Eq. (28) . For the term (k V P ) 0 , the contribution matches the one arising from the scalar-pseudoscalar coupling,
that is
where we used a uniform nucleon density, n = 3/4πR 3 Nucleus . Supposing P -odd and T -odd e-N couplings are the only source of atomic EDM, we can set bounds on (k V P ) 0 by using the data on the thallium atom, available in Ref. [24, 63] , and the current upper limit on the electron's EDM, |d e | < 1.1 × 10 −29 e · cm in Ref. [9] . This implies the following upper bound
As the limit (31) holds for the zero component of the vector, it is not subjected to sidereal variations, unlike the ones attained in [55, 56] . As for the (k AT ) 0 and (k A−P T ) i , the absence of the factor A implies an upper bound 205 times higher (less stringent) than (31) . The implied EDM-equivalent are |d (2) 
|d
In Eq. (32), the only contribution comes from i = 3, due to the matrix structure of γ 3 . For the same reason, in Eq.(33), the only contribution comes from k = 3, and presence of the factor ǫ ijk induces an effect similar to a rotation on the nucleon's spin σ j N or background vector, coupling orthogonal components of σ j N and (k A−P T ) i . Accordingly, if i = 1, then j = 2, and vice-versa, which implies that, in order to constrain the component (k A−P T ) x , one must use a nucleon in the spin state σ y N . Assuming that the thallium valence nucleon has spin σ z N = ±1 [63] and that the atomic integrals have the same magnitude as the one in Eq. (30), we attain the upper bounds:
In this case, the bound on (k A−P T ) i , with i = x or y, suffers sidereal variations, shown in Table VII , for these are in fact measured in the Lab's reference frame, in which these tensor components are not constant. This will be addressed in the Subsection III A.
Turning now our attention to the couplings with a rank-2 tensor, the effective Hamiltonian is
from which (k V V ) 0i and (k AA ) 0i yield no contribution, for these terms are similar in matrix structure to the rank-1 couplings (k SV ) i and (k P T −A ) i . Concerning the remaining couplings, we assume that (k P T −T ) µν = (k T −P T ) µν , so that the Hamiltonian can be written as :
As the tensor (k P T −T ) µν has no symmetry in principle, the Hamiltonian (37) has contributions from its symmetric (the trace Tr[(k P T −T ) ij ]) and anti-symmetric ([(k P T −T ) ij − (k P T −T ) ji ]) parts. The upper bounds on the components are equal to the previous ones, due to the structure of the Hamiltonian pieces, that is:
where we defined T k = Tr[(k P T −T ) ij ]. The bounds on terms with spatial indices are subjected to sidereal variations -the trace T k and the (k P T −T ) 00 are not changed by a spatial rotation, but we indicate it explicitly in Table VII .
A. Sidereal Analysis
Because the LV background tensors are approximately constant only on the Sun's reference frame (RF), it is necessary, therefore, to show how to translate these bounds to the Earth-located Lab's RF, at the colatitude χ, rotating around the Earth's axis with angular velocity Ω. In short, the bounds should be written in terms of the tensor components in the Sun's RF. For experiments up to a few weeks long, the transformation law for rank-1 and rank-2 tensors, say A µ and B µν , according to Refs. [55, 64] , is merely a spatial rotation, 
in which the first line and column were included for completeness. According to the transformation law (39) , the component (k A−P T ) y averages to zero, leaving us with
Regarding the upper bounds on rank-2 tensor components, using the (40), we infer
As for the components [(k P T −T ) ij − (k P T −T ) ji ] Lab in the Lab's RF, according to (40) , these become
where we defined A Sun
Sun sin(χ). This implies the following bounds:
For clarity, the bounds obtained are contained in the Table VII . 
IV. CONCLUSION AND FINAL REMARKS
One point to be noted is that the 4-fermion couplings here presented involve two kinds of fermion spinors, that is, we consider both (k SV ) µ (N N )(ēγ µ e) and (k V S ) µ (N γ µ N )(ēe). Such a distinction is not important when one does not differ between the interacting fermion bilinears, but it should be taken into account for dimension-6 electron-nucleon P -odd and T -odd interactions. Four of the couplings of our Table I and four contained in our Table III are displayed in Ref. [61] , while no coupling of Table II was proposed before. Furthermore, note that Ref. [61] includes: (a) 4 couplings (or 8, in case the fermion bilinears are distinct) of Table IV , while seven of them were not considered before; (b) 2 couplings (or 4, in case the fermion bilinears are distinct) of Table V; (c) 1 coupling of Table VI, while 3 were not mentioned.
Still concerning Ref. [61] , it is worth mentioning that the first line of the dimension-6 couplings of its Table III 
that do not violate Lorentz symmetry. From those, only the last two are P -odd and T -odd and generate EDM, and only the third one is not suppressed, being equivalent to L
Such a coupling is identical to the standard scalar-pseudoscalar electron-nucleon interaction [4, 14, 24] . It yields d equiv−κSP = 2eAκ SP 3 4πR 3 Nucleus R Nucleus 0 F S (r)G(r) + G S (r)F (r) dr , (51) and must fulfill κ SP < 1.6 × 10 −33 (eV) −2 .
Clearly, due to the scalar form of the coupling (50), the coefficient κ SP does not suffer sidereal variations. In outlining the procedure, we stress that the possibilities of couplings with rank-1 and rank-2 tensors were listed in Tables I, II and IV. Their behavior under C, P and T was crucial to extract the components compatible with EDM generation. After applying the nonrelativistic limit for the nucleons, a few candidates were suppressed and no longer considered. The remaining unsuppressed couplings had their Hamiltonian pieces evaluated in Eq. (26) and (37), and their respective EDM-equivalent contributions calculated as in Eq. (28), via atomic parity nonconservation methods. Also, as mentioned in Sec. II, due to their matrix structure, some couplings yield no real contribution to the energy shift, i.e. null d equiv , being then discarded. The surviving terms had their magnitudes limited using the electron's EDM data, which is justified by the fact that the measured atomic EDM (attributed to either an unpaired electron or nucleon, depending on the experiment) may be due to P -odd and T -odd e-N interactions as well -thus, we have just chosen the most restrictive upper bound.
The most restrictive upper bounds of 1.6 × 10 −33 (eV) −2 , in Eqs. (31) and (52), were set on the terms proportional to the atomic mass A, which include the terms (k V P ) 0 and κ SP -these are the dominant contributions for the factor of A. The other bounds are about 2 orders of magnitude less restrictive, due to the fact that the nucleons' spins do not add up coherently. Moreover, the bounds with spatial indices (except the trace) suffer sidereal variations due to the Earth's rotation and Lab's location, and were transformed according to the rules (39) and (40) and then time averaged. Finally, generalizations to couplings with rank-3 and rank-4 LV tensors were mentioned and their possible contributions to the EDM were selected in Tables V and VI. 
